This paper proposes a high-precision, high-speed scanner using a hybrid reluctance actuator, which can be stronger than conventionally used comparable Lorentz force actuators. For compactness, its mover is guided by flexures and laterally moved by a hybrid reluctance actuator with a voltage amplifier. To reject disturbances such as thermal drift and hysteresis, the scanner is regulated by cascade control, for which parasitic resonances are damped partially mechanically. As a result, the closed-loop system realizes a high control bandwidth of 3.5 kHz and a high positioning resolution of 0.8 nm at a static point. For high-speed scanning motion, modeling-free inversion-based iterative control (IIC) is proposed to be combined with the cascade control as the scanner's feedforward controller. Experiments demonstrate that the scanner with the cascade control realizes a 2 μm triangular motion at 400 Hz with a tracking error of 101 nm, and the modeling-free IIC successfully decreases this relatively large error by a factor of 26 to 3.8 nm. Consequently, this paper clearly demonstrates that the proposed scanner with the hybrid reluctance actuator can realize high-precision, high-speed scanning motion.
Introduction
Many applications require high-precision motion. Some examples are 3D printers (1) , atomic force microscopes (AFMs) (2) , vibration isolators (3) and data storage devices (e.g. Blu-ray players and hard disk drives) (4) . When compact actuators are required with nanometer resolution for these systems, piezoelectric actuators or Lorentz actuators (e.g. voice coil actuators) are usually guided by flexures.
In contrast to piezoelectric actuators, flexure-guided Lorentz actuators realize a control bandwidth that is significantly higher than the first dominant resonant frequency by design. Such actuators are defined as "low-stiffness actuators," and they exhibit good vibration isolation performance (5) . Consequently, they are capable of positioning with nanometer resolution even without external vibration isolation (6) and are applied to optical disk drives (7) and AFM (8) . Low-stiffness actuators are also beneficial to achieve a large actuation range (9) . However, Lorentz actuators have a disadvantage that their motor constant (i.e. force-to-current ratio) is relatively small (10) . This is problematic to generate highspeed scanning motion, for example for AFMs, since it requires a high acceleration force. A large current for a required force increases the temperature of the Lorentz coils, resulting in thermal drift or expansion to impair the precision of the system. As a countermeasure, a cooling system (11) or thermal isolation (12) is incorporated. However, a low-stiffness actuator with a high motor constant is highly desired to decrease the Joule heat, in order to develop a compact high-speed scanner without wasting energy.
As an alternative replacing Lorentz actuators, reluctance actuators produce a large force that is proportional to the square of the coil current (10) . Although such a nonlinearity can be compensated by measuring the magnetic flux (13) , the measurement noise may degrade the positioning resolution. In contrast, hybrid reluctance actuators generate a force proportional to the current by using a permanent magnet, achieving a motor constant higher than Lorentz actuators (10) . For the advantages, hybrid reluctance actuators have been applied to fast tool servos (14) (15) , active vibration isolators (16) and steering mirrors (17) (18) . However, hybrid reluctance actuators exhibit mechanical modes and hysteresis (10) together with eddy current influencing the dynamics (18) . They are a concern to achieve desired performance, dependent on applications.
In order to utilize its high motor constant, this paper proposes a short-stroke high-speed scanner with nanometer resolution based on a hybrid reluctance actuator. To demonstrate the suitability of the hybrid reluctance actuator for high-speed scanning with nanometer resolution, the dynamics and disturbances are compensated by cascade feedback control regulating the coil current and the mover position. Additionally, to accurately track a high-speed scanning trajectory, a modeling-free learning algorithm is applied as feedforward control to the the hybrid reluctance scanner.
The rest of the paper is organized as follows. Section 2 Fig. 1 . Photograph of the high-speed scanner with a hybrid reluctance actuator, where the red and yellow paths denote the magnetic flux due to the coils and the permanent magnet, respectively describes the high-speed scanner using a hybrid reluctance actuator, which is modeled in Section 3. After current control is discussed in Section 4, the scanner is experimentally analyzed in Section 5, for position control design in Section 6. Section 7 introduces a high-speed trajectory, for which feedforward control is designed in Section 8. Section 9 presents experimental results. Section 10 concludes the paper. Figure 1 shows a high-speed scanner with a hybrid reluctance actuator. Due to their linearity without backlash and friction, leaf-spring flexures are selected to laterally guide the mover. Around the mover, a C-core is fixed to the mechanical ground as the stator together with a permanent magnet and two identical coils. Both the mover and the stator are made from laminated electrical steel sheets (EN10025-S235JR), which reduce the eddy current in comparison to solid blocks (18) . The achievable closed-loop bandwidth is typically restricted by the second and higher mechanical resonances in the case of low-stiffness actuators. To achieve a high bandwidth, these modes are suppressed by inserting a rubber material (B30, Rotring, Hamburg, Germany) beneath the mover and by adding Sorbothane sheets (SB12, Thorlab, New Jersey, USA) between the flexures.
System Description
The lateral motion of the mover is measured by an interferometer (10899A, Agilent Technologies, Santa Clara, USA) with a resolution of 1.25 nm/bit. As its target, a retroreflector (43-305, Edmund optics, Barrington, USA) is used and fixed to the mover. The coils are electrically connected in series and driven by a custom-made voltage amplifier with a current monitor. The amplifier can output a current up to ±2 A, and the output voltage is less than ±30 V. To implement control algorithms, a prototyping control system with an FPGA (DS5203, dSpace GmbH, Paderborn, Germany) and CPU (DS1005) is used. The FPGA communicates with the amplifier via a 14-bit DAC/ADC and with the interferometer via a 36-bit parallel bus, as shown in Fig. 2 . The sampling frequency of the FPGA is fixed to 10 MHz to implement the current loop in Section 4. Although the sampling frequency of the CPU is set to about 60 kHz to implement position control only in Section 6, it has to be decreased to 
System Modeling
As indicated by the yellow lines in Fig. 1 , the permanent magnet creates magnetic flux through the left and right gaps around the mover. Similarly, the coils generate flux as shown by the red lines in Fig. 1 . The coil flux does not penetrate the permanent magnet because its reluctance is as large as the air. The superimposed flux of the left gap is stronger than the right. Due to to the unbalanced flux, a lateral actuation force is generated for scanning motion. Notice that the hybrid reluctance actuator is bidirectional, unlike typical reluctance actuators and some piezoelectric actuators.
Hybrid reluctance actuators' force F can be described by a motor constant k m and actuator magnetic stiffness k a (15) (17) 
where I and x are the coil current and the mover position, respectively, and k m and k a of the actuator in Fig. 1 are about 8.5 N/A and 30 kN/m, respectively (19) . Since the mover is guided by the flexures, the scanner is modeled as a damped mass-spring system (10) 
where the mover mass m is 55 g. The damping coefficient c and stiffness k are due to the damping materials and the flexures (20) . The Laplace transform of (1) and (2) gives the transfer function P a (s) from I to x
where the plant gain g p , the natural frequency ω n and the damping ratio ζ are
Note that the scanner is designed to be k > k a with the flexures having a stiffness of 80 kN/m for stability within the target high-speed scanning range.
Current Control
Equation (1) shows that the force is related to the current. Therefore, the coil current is regulated by feedback control before position control design, for high closed-loop bandwidth, as commonly seen in servo systems (21) . The current I can be related to the amplifier's reference input V ref 
where the amplifier gain g amp is three. The resistance R = 1.64 Ω and the inductance L = 0.01 H of the connected coils are measured by an RLC meter. For control design, the current-voltage relation formulated by (5) is investigated by measuring a frequency response from V ref to I, as shown by the blue solid line in Fig. 3 . Due to the pole resulting from the coils' impedance in (5), the response shows low-pass characteristics with a −3 dB bandwidth of about 25 Hz. At high frequencies beyond 30 kHz, the magnitude increases, which may be due to the parasitic dynamics of the amplifier and the coils.
As the feedback controller C I (s) shown in Fig. 4 , a PI controller with a low-pass filter is used to compensate for the pole and the parasitic dynamics. The controller is implemented by the FPGA, and their gains are tuned to achieve a highest possible closed-loop bandwidth without unstable oscillation of the output current. The resulting frequency response from the current reference I ref to I is measured, as shown by the red dashed line in Fig. 3 , which indicates that C I (s) increases the −3 dB bandwidth by a factor of 440 to 11 kHz.
System Analysis

System Identification
For position control design, a frequency response is measured from the current reference I ref to the position x with and without the damping materials (cf. Fig. 1 ), as shown in Fig. 5 . The first mechanical resonance with the damping materials at 210 Hz is the mode predicted by the model P a (s). Its frequency and peak (6) is fit to the response with the damping materials gain can be approximated by ω n and g p /(2ζ), respectively, as indicated in Fig. 5 .
The measured response also shows dynamics that are not modeled by the analytical model P a (s). Figure 5 shows that high-frequency mechanical modes (e.g. at 820 Hz) are suppressed to some extent by the damping materials. However, they are still visible even with the damping materials. Additionally, the phase plot shows a large phase lag beyond 800 Hz, which might be partially due to the residual eddy current (18) . Because these dynamics influence position control design, they are modeled by extending the analytical model as follows
where the delay T d models the phase lag, and the highfrequency mechanical modes are captured by (22) 
where g pp and N are the gain and the number of the modes, respectively. The parameters of P(s) are determined by fitting it to the measured Bode plot, as shown in Fig. 5 . During the fitting, N is set to 4 to capture the mechanical modes up to about 2.3 kHz. Beyond that frequency, the phase lag dominates the frequency response, restricting the achievable control bandwidth (cf. Section 6). Figure 5 shows that P(s) captures the measured frequency response very well. Table 1 lists the identified parameter values.
Nonlinearity
In addition to the dynamics evaluated in the previous section, nonlinearity can impair the performance for high-precision motion. In the case of the hybrid reluctance actuator, the flux in the electrical steel varies, and the hysteresis between the flux and the coil current is a concern (cf. B-H hysteresis loop (23) ). Therefore, it is evaluated by measuring the mover position x when a 1 Hz sine wave is used as the current reference I ref .
The results are shown by the black solid line in Fig. 6 , where the red dotted line is a linear function fit to the measured curve as the trend line for comparison. From the (24) .
Position Control
Design
Rejecting disturbances such as thermal drift and floor vibrations, feedback control is desired for high positioning resolution. For this purpose, a position loop with a feedback controller C P (s) is designed as shown in Fig. 4 . The controller C P (s) consists of the inversion of P p (s) to compensate for the high-frequency mechanical modes for a high closed-loop bandwidth. Additionally, C P (s) includes a tamed PID controller (10) C PID (s) to compensate for a steadystate error due to the hysteresis and to provide a phase lead for high bandwidth, as follows
The Figure 7 simulates the open-loop transfer function, using the designed C P (s) and the measured frequency response function in Fig. 5 . The simulation shows the open-loop crossover frequency at 1.9 kHz with a phase margin of 30 degrees. The frequency is significantly higher than the first resonant frequency of 210 Hz. Such a system is categorized to lowstiffness actuators with high vibration isolation for highprecision positioning (5) .
Note that the open-loop transfer function includes only one integrator, and the resulting position loop is Type 1 (25) . 
Validation
For validation, C P (s) is implemented by the CPU, and the complementary sensitivity function, the transfer function from the reference position u to x in Fig. 4 , is measured. Figure 8 shows the −3 dB bandwidth of 3.5 kHz. Additionally, x is measured when u is set to the origin. Figure 9(a) shows that x fluctuates within ±2.5 nm only, resulting in a positioning resolution of 0.8 nm rms , which is mainly given by the sensor resolution.
For further evaluation, step response of x is measured by varying the step height, as shown in Fig. 9(b) . Due to the achieved high positioning resolution, at least a step of 2.5 nm can be clearly resolved. In summary, the experiments validate that C P (s) rejects disturbances such as thermal drift, hysteresis and floor vibrations well, enabling high-precision positioning.
Motion Trajectory
Among different types of motion trajectories, a triangular wave is most commonly used for high-resolution imaging such as AFMs (26) . Thus, it is selected as the motion trajectory r in Fig. 4 , which can be described in the form of Fourier series (27) 
with the complex Fourier coefficient r k and its complex conjugate r * k
where A r = 1 μm, f r = 400 Hz and l = 9 are the amplitude, the frequency and the highest harmonics, respectively. These values are determined at the implementation such that the output voltage and current of the amplifier do not saturate.
The triangular wave has a slope between turning points. This part can be regarded as a ramp input, which Type 1 systems cannot track (25) . In other words, even if their triangular trajectory has an extremely low frequency, flexure-guided scanners with a PID or PI controller are incapable of perfect tracking and will follow this ramp signal with a constant delay. Thus, feedforward control is used for the scanner with the hybrid reluctance actuator to accurately track the triangular trajectory r in the next section.
Feedforward Control Design
Feedforward control design typically requires accurate models for high-speed motion (28) . However, hybrid reluctance actuators exhibit hysteresis as demonstrated in Section 5.2, and obtaining its accurate model can be difficult and time-consuming, because it may depend on the temperature and the trajectory (29) . To take an advantage of the periodic scanning motion, however, modeling-free inversion-based iterative control (IIC) (27) is used as feedforward control for the scanner with the hybrid reluctance actuator.
Similar to iterative learning control (ILC) (30) , modelingfree IIC improves the control input by learning from the tracking error in the previous trial such that the error is decreased in the next trial. Unlike ILC, however, learning can take place only at selected fundamental and harmonic frequencies of the trajectory to filter the sensor noise between the harmonics (27) and to decrease the computation efforts (31) . Another advantage of modeling-free IIC is that it simultaneously updates its internal plant model. Thus, a model is not required for the operation, unlike typical feedforward control.
Modeling-free IIC is implemented as shown in Fig. 4 . To activate learning only at the r's fundamental and harmonic frequencies, the mover position x, its input u and r are described by vectors
containing k-th complex Fourier coefficients x k , u k and r k of x(t), u(t) and r(t), respectively. Note that the vector size l determines the bandwidth of the modeling-free IIC, which is given by l f r = 3.6 kHz. The learning law at the i-th trial is given by (27) 
where the matrix J i is the internal plant model. For fast learning and high tracking performance, it is updated by the Secant method (27) (32) (33) , where J i is given by a diagonal matrix, and its k-th diagonal element j k,i is corrected by
The threshold is set to 1 nm to terminate the model update for stable learning (27) . The updated input U i+1 is transformed to a time-domain signal and fed to the closed-loop system as u for the next trial.
Experimental Results
To demonstrate the 400 Hz triangular scanning motion of 2 μm, the actuator position x and the tracking error r − x are measured with modeling-free IIC. For comparison, they are also measured without modeling-free IIC by using r as u, as shown in Fig. 10 . Without modeling-free IIC in Fig. 10(a) , the turning motion excites oscillations that slowly decay. This is because r has the frequency components between 400 Hz and 3.6 kHz, and the complementary sensitivity function in Fig. 8 has a magnitude higher than 0 dB beyond 400 Hz. Consequently, Fig. 10(b) shows a tracking error of about ±260 nm with an RMS value of 101 nm.
In Fig. 10(c) , modeling-free IIC significantly decreases the large error by a factor of 26 to 3.8 nm rms , successfully demonstrating its effectiveness. For analysis of the residual tracking error, Fig. 10(d) shows its spectrum calculated by using Fast Fourier Transform. It can be seen that the error is well-compensated below 1 nm RMS at the frequencies approximately below 4 kHz. However, it is larger at higher frequencies. This would be because the hysteresis deforms the mover's trajectory and creates harmonics higher than l = 9, as seen with other types of precision actuators (e.g. piezoelectric actuators) (32) . Due to its bandwidth of 3.6 kHz, the modelingfree IIC does not compensate for the higher harmonics. This problem will be solved as a part of future work. Future work also includes further investigation of hybrid reluctance actuators for large motion as very first results can be found in (19) . Overall, Fig. 10 clearly demonstrates that the proposed scanner based on the hybrid reluctance force is capable of high-speed scanning with nanometer resolution by using cascade control and modeling-free IIC.
Conclusion
For high-speed scanning motion with nanometer resolution, a scanner using a hybrid reluctance actuator is proposed. Cascade control consisting of current and position loops is designed, achieving a control bandwidth of 3.5 kHz and a positioning resolution of 0.8 nm. To track the 400 Hz triangular signal of 2 μm, modeling-free IIC is selected as feedforward control. The experimental results confirm the effectiveness of modeling-free IIC by significantly decreasing the tracking error from 101 nm to 3.8 nm. As a result, this paper successfully demonstrates that the hybrid reluctance force is capable of high-speed scanning motion with nanometer resolution.
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